Polyurethanes (PUs) are commonly used materials for medical devices. ese devices are exposed repeatedly to radiation when patients undergo radiotherapy treatments. It has been found that peripherally inserted central catheters (PICCs) and central venous catheters (CVCs) fail at an increased rate (14.7% and 8.8%, respectively) when radiated. Currently, little research is available on increased failure seen in conjunction with radiation, but complex in vivo environments within a human patient make it difficult to isolate effects of individual variables. is research investigated effects of radiation in an aqueous environment to determine whether radiation combined with a mimicked in vivo environment is sufficient to change PU devices. e following dose rates were used in this study: 3.2 Gy·min . Samples were characterized in four main ways: cellular response, physical changes, chemical changes, and mechanical changes. Results reveal normal cellular response at all dose rates, indicating dose rate does not alter cellular adhesion or proliferation, and biocompatibility of the material is not being altered. Results from physical, chemical, and mechanical effects confirm that varying dose rates alone do not initiate material changes, which negates the hypothesis that varying dose rates of radiation contribute to the complications in PICC and CVCs.
Introduction
Polyurethane biomaterials are often studied for use in fabricating 3D tissue scaffolds, catheters, blood contact materials (heart valves and artificial veins), hospital bedding, injection molded implants, and other short-term implants [1] [2] [3] . Polyurethane catheters, specifically PICCs and CVCs, have been shown to fail at higher rates when exposed to radiotherapy in cancer patient [4, 5] , 14.7% and 8.8%, respectively [4] . Postinsertion complication rate of nonirradiated PICC lines is 30.4% [4] [5] [6] [7] . Previous investigations in our lab (data not shown) have indicated that varying total therapeutic radiation doses at a constant dose rate does not alter PU enough to cause instability in an aqueous environment. However, altering radiotherapy dose rate is commonly used in treating different types of cancer or targeting specific tumor locations on the body [8] and may be a contributing factor to material stability in vivo [6] . Some researchers and clinicians have suggested that radiation should be applied prior to PICC line insertion to reduce complications believed to occur through radiation exposure (thrombosis, infection, mechanical occlusion/puncture, catheter movement, and extravasation), and this study aims to investigate whether radiation may be the cause of any complications [6, [9] [10] [11] .
e leading causes of PU catheter complications are infection and thrombosis (blood clotting). Radiation may play a role leading up to these biological responses and will be investigated using cell proliferation and adhesion studies on PU films [7] . Occlusion and puncture are mainly affected by the placement of the catheter in the body and may arise due to improper placement causing pinching of the catheter from arm movement or pinching between rib and clavicle, rupture due to pressure from liquid moving through catheter and the body's natural immune reaction to foreign materials causing catheter-associated thrombosis [9] [10] [11] [12] .
is study investigated these complications using biocompatibility tests combined with mechanical or chemical to provide indication of strength or chemical structure changes in the material which can aid in the movement of catheters contributing to complications [12] . Our current investigation does not focus on how material properties of catheters change only on whether or not they need to be removed.
e International Organization for Standardization (ISO 10555 and ISO 10993) and the United States Food and Drug Administration (FDA) regulations emphasize three major areas for catheter approval: toxicity/biocompatibility, mechanical properties, and thermal properties. All three were evaluated in this study in combination with chemical changes to determine if radiation causes significant changes leading to catheter failure [13, 14] .
Currently, there is debate among clinicians on whether varying dose rate is actually effective in radiotherapy treatment. In order to clearly see changes between dose rates, a high sterilization dose was used to evaluate material changes as therapeutic radiation itself has been shown to not cause significant changes in PU materials under aqueous conditions chosen to mimic in vitro conditions [13, 15] . Polyurethane irradiated at sterilization doses or higher (World Health Organization standard for biomedical sterilization is 25 kGy before material implantation) has shown significant alteration and should aid in determining whether varying dose rate also produces changes in polyurethane [16] [17] [18] [19] [20] . However, it is important to point out that this current study is focused on the changes occurring between dose rates. e aqueous environment is a key factor in this research because it is an initial step in preclinical approval, mimicking an in vivo environment [13, 15] . FDA and ISO guidelines for catheter preclinical studies require that catheter performance testing be simulated in in vivo conditions, such as at body temperature, and/or in water or saline environments [15, 21] .
To apply different dose rates during radiotherapy, multiple LINAC instruments can be used [22] . Instrument energy level settings range between 6 and 22 MeV (approximately 6-22 Gy·min −1 ), where low-range instruments use single 4 or 6 MeV sources while high-range instruments may use multiple sources at once [22, 23] . e low ranges are represented by both 3.2 Gy·min −1 and 4.5 Gy·min −1 dose rates that were evaluated in this study while the higher dose rates, 44 Gy·min −1 and 833 Gy·min −1 , are the representative of multiple sources combined and high-dose rates [24] . e literature states that polyurethanes show alteration at high total doses; however, changes between varying dose rates have not been evaluated and may have implications in varying dose rates at low therapeutic doses as well [16, 19, 25] .
In this study, investigation was based on ISO standards to determine whether radiation changes in polyurethane samples were significant enough to cause samples to fall outside regulations set for device approval.
is study addresses a concern voiced by clinicians that radiation may cause increased complications [4] [5] [6] [7] , and the principal goal was to isolate effects of radiation dose rates on polyurethane in a controlled aqueous environment.
Materials and Methods

Polyurethane Sample Preparation. Polyurethane pellets
(polyether urethane; Texin 950) were gifted from Covestro ™ AG (further information on this material is proprietary). Pellets were cryoground into powder using a three-step coolgrind-cool method repeated three times. Once sufficient polymer was ground, 2 g powder was pressed into films using a hot press at 365°F with 4,500 lbft in −2 pressure for 2 min. After 2 min, a slight increase in pressure was used to remove any air bubbles, and samples were removed. Samples were then cut into 6.35 mm diameter circles with 0.03 mm thickness for testing ( Figure 1 ). All samples were fabricated from the same batch of polyurethane pellets and pressed in the same day to eliminate batch-to-batch differences.
Material Radiation.
Polyurethane films were irradiated in water at varying dose rates from different aged Cs-137 sources (22, 10, 0.1, and 1 years; Table 1 ). Each dose rate was applied to a constant total dose of 25 kGy. Samples were irradiated at Oak Ridge National Laboratory using the High Flux Isotope Reactor, Gamma Irradiation Facility. Characterization methods were based on prior studies and ASTM procedure F561-13, which describes retrieval and recommended analysis of medical devices, associated tissues, and fluids. Once irradiated, films were cut into pieces for testing by various characterization methods described below. Sets of films stored in water at room temperature for the duration of the radiation experiment were compared to dry asfabricated. During control studies, it was found that the aqueous environment did not alter the polyurethane material resulting in all methods, specifically characterizing radiation effects. Films submersed in water showed no significant change from as-fabricated samples, and it can be concluded that any changes observed are the result of varying radiation dose. Preliminary results also confirm that overall sterilization dose significantly alters the polyurethane films (data not shown).
Cell Cytotoxicity and Proliferation.
Polyurethane films were sterilized via 70% ethanol and then patted dry with Kimwipes ™ . Samples were then immersed in alpha Minimum Essential Medium (α-MEM, Life Technologies) with 10 % fetal bovine serum (FBS) and 1% penicillinstreptomycin for 12 hr. Soaked samples were placed in 48-well plates. Each sample was seeded with 5,000-mouse fibroblast cells (3T3, source ATCC) in α-MEM. is cell line was chosen because the fibroblast cells synthesize an extracellular matrix and collagen, common tissues found near polyurethane medical devices [26] . e plate was then incubated for 1 hr at 37°C with 5% CO 2 to allow attachment. Once attached, cells were grown for 1, 4, and 7 days to determine fibroblast proliferation and cell cytotoxicity ® AQueous Non-Radioactive Cell Proliferation Assay (MTS, Promega, USA) was performed to determine cell proliferation, as previously described [27] . For adhesion studies, 1, 4, and 7 day polyurethane film samples were removed from wells and placed in new 48-well plates with 200 µL of fresh media and 20 µL MTS. All wells were incubated for 2 hr at 37°C and 5% CO 2 to allow colorimetric reactions to occur with cells. All media were then transferred to a 96-well plate and read using a UV-VIS spectrophotometer at 490 nm (BioTek, Multi-Mode Plate Reader, Synergy Mx, USA). An empty polystyrene well was used as a positive control for all studies. A calibration curve was created using a standard cell count (102-106) and was used to determine the number of viable cells from each sample.
Size Exclusion Chromatography (SEC).
Light scattering size exclusion chromatography (SEC; Agilent Technologies, USA) was used to determine polyurethane molecular weight. Samples (n � 3) were run in tetrahydrofuran (THF) at 1 mL·min −1 at 30°C on two Agilent PLgel 10 µm MIXED-B columns connected in series with a Wyatt Dawn Helios 2 light scattering detector and a Wyatt Optilab Rex refractive index detector. An MW 21,000 polystyrene reference standard was used for calibration.
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR).
A Nicolet model 8700 Fouriertransform infrared (FTIR) instrument was employed to investigate polyurethane bond changes. FTIR spectra were recorded over a range of 500 to 4,500 nm with 126 scans per run and a resolution of 4 cm −1 sample size of 10. A background scan was performed for each sample to remove baseline noise. Peak deconvolution was performed to quantify peak area under each curve. Percent change was calculated using Origin ® 8.0 graphing software. Seven major peaks were isolated for PU; all peak heights were measured and then averaged. A sample size of 10 films was used for each factor.
Dynamic Mechanical Analysis (DMA).
Dynamic mechanical analysis (TA Q800) was used to investigate thermal degradation at different sample conditions. PU samples were heated from −50°C to 140°C at a rate of 2°C min −1
. Storage modulus, loss modulus, and Tan Delta were calculated with a sample size of three.
Field-Emission Scanning Electron Microscopy (FESEM).
A LEO (Zeiss) 1550, field-emission environmental scanning electron microscope (FESEM), was used to determine microscopic surface differences between irradiated films. Films were sputter coated with gold using a high-vacuum Leica sputter coater. A sample size of two films was used, and representative images were taken at multiple locations on each film.
Statistical Analysis.
Statistical analysis was performed for all tests, and corresponding graphs were created using Origin ® 8.0. A p value <0.05 was used in all t-tests, and ANOVA was computed to determine significant statistical differences.
Results
Polyurethane results are discussed in separate sections: cellular responses (adhesion and proliferation/migration), physical changes (FESEM and visual), chemical changes (FTIR-ATR and SEC), and thermal/mechanical responses (DMA). Results compare dose rates to determine if certain dose rates alter material properties more than others.
Cellular Responses.
Mammalian cell response was investigated by looking at the cell number adhered on the films each day and then normalized to a tissue culture treated polystyrene control, and variability was calculated at 1, 4, and 7 days. Polyurethane samples displayed a decreased adherence after day 1 but had significantly lower growth than a polystyrene positive control (Figure 2) . In day 1 (Figure 2) , it was observed that polyurethane samples were 30% or less as adherent as polystyrene, while by day 7, the polyurethane only had ∼10% adherence compared to the polystyrene-positive control. While both days 4 and 7 for the polyurethane had a significantly lower percentage (18% and 17% less, respectively) of cells than day 1, no statistical differences were seen between radiation doses within individual days, indicating that dose rate has no effect on cell adhesion but overall cells do not adhere to polyurethane films (Figure 2 ). is decrease in cellular attachment is not an indicator of cytotoxicity, as cells do proliferate in proximity to the films during this time. ese results reveal a positive effect for this investigation since PICC and CVC lines are temporary implants, and adhesion is not desired. Figure 3 ) further elucidated microscopic differences. In all FESEM images, lines and minor surface particulates due to film pressing were seen, but little visual difference was found between dose rates. ISO 10555 standards state that "with a minimum of ×2.5 magnification the external surface of the effective length of the catheter shall appear free of extraneous matter" [13] . In this study, images showed that at ×2 magnification, little to no differences were seen between dose rates. Surface changes indicate that dose rates do not affect polyurethane, and ISO guidelines for catheters were still met even with changes in dose rates.
Chemical Changes from Irradiation
Size Exclusion Chromatography (SEC)
. SEC was used to measure the number average molecular weight, polydispersity, and refractive index. SEC results revealed no significant difference in number average molecular weight or polydispersity ( Figure 4 ; Table S1 ). However, significant changes were seen in refractive index (Figure 4) . Refractive index results were significantly different between all dose rates except 44 and 833 Gy·min . Refractive index indicates a change in the speed in which light moved through the polyurethane and can indicate changes in composition (chemical structure/crystallinity) or purity (remnants of polymer, precipitates, modifiers, stabilizers, etc.) [28, 29] . In the case of polyurethane samples for this study, the slight changes seen in refractive index are not due to molecular weight changes or crystallinity changes (see mechanical results) and are likely due to small impurities within the material. ese impurities did not affect mechanical properties and are not likely to contribute to catheter movement or complication [10, 12] . Methods used to view catheter movement (X-ray spectroscopy or electrocardiography) would also not be affected by changes in refractive index, and it can be concluded that although changes are seen, they would not cause failure in a clinical setting [10, 30, 31] .
Fourier-Transform Infrared
Spectroscopy. FTIR confirmed the results seen in SEC and indicated no major change in chemical structure. Seven peaks were isolated in the polyurethane spectra (data not shown). No new peaks were observed forming or disappearing, indicating that the polyurethane films do not undergo polymer backbone changes. e height of each peak can indicate a change in the number of bonds within the material and indicates that the material is remaining the same throughout all dose rate exposures ( Table 2) . Although slight variation is seen, FTIR results can be skewed due to the overlapping of peaks, and it is accepted that these slight changes are due to overlapping of peaks rather than significant changes in the material itself [32] . Control samples (n � 20) analyzed using FTIR were shown to have equal to or higher variations than each sample peak. is suggesting that variation within samples does not indicate significant changes between varying dose rates but rather overlapping peaks and/or variation between sample films.
Mechanical and ermal Response
Dynamic Mechanical Analysis (DMA).
DMA was used to investigate mechanical and thermal changes in polyurethane samples. Two main types of information were collected from these tests: Tan Delta and storage modulus. Tan Delta is used to determine glass transition temperature and can indicate a shift in soft segments to hard segments [33] . Storage modulus is the elastic modulus indicating changes in energy storage and material elasticity [33] . Storage modulus was analyzed at room temperature (25°C) and body temperature (37°C) ( Table 3) . No statistical differences were found between any of the dose rates evaluated. is was expected based on the chemical results previously discussed.
High variation was seen in the storage modulus data as well as within preliminary studies using nonirradiated, control samples. Power analysis was run using preliminary data to determine the number of samples for this study. is variation can be contributed largely to the variation in the material pellets themselves, combined with material fabrication (hand-pressed films), and would require further samples testing in the future. However, no trend was observed in the storage modulus data; it would have been expected for storage modulus to show an increase with increasing dose [34, 35] . Due to the high variation within the groups, there was no true significance determined between the dose rates.
Discussion
is study found that varying dose rates alone in an aqueous environment does not alter cellular, physical, chemical, or mechanical properties. e belief that varying radiation dose rates causes changes in vivo is not supported by this study.
ese data are in agreement with Zhang et al., who investigated physical properties of catheters (fracture, leakage, and rupture) [6] , as well as with previous research in our laboratory on therapeutic levels of radiation [36] . Radiation by itself or in an aqueous environment does not appear to cause the increased failure documented with use of PICC and CVC lines. It is important to note that polyether urethane used in this study is highly resistant to hydrolytic degradation [37] ; control samples were not significantly different than the as-prepared polyurethane films (confirmed through FTIR, DMA, and SEC; data not shown), indicating that the aqueous environment employed in this study did not change properties of test films. e conditions in the study were selected to meet basic FDA regulations for testing in an in vitro environment.
Biocompatibility (ISO 10933) states that catheters shall be free of biological hazards.
e first test listed is cytotoxicity, which states that cell culture techniques shall be used to determine cell death, inhibition of growth, colony formation, and other measured effects [14] .
is study confirmed that cell death was not occurring using 24 hr livedead testing (data not shown) and also confirmed that cell growth/proliferation was not inhibited. Cells grew as quickly as with the positive controls used. However, cellular adhesion shows a decrease over time, which is a positive outcome for catheter use since catheters during radiotherapy are temporary implants, and therefore, decreased cell adhesion is preferred.
Cellular response depends on a multitude of properties in an in vitro environment [38] [39] [40] . Some of these include biological factors (proteins/biological fluids), surface topography, surface chemistry, mechanical properties, and even absorption properties of the material itself [37, 39] . Adhesion studies in this research found the majority of the cells only adhered for the first 24 hours. Polyurethane films were initially soaked in culture media before seeding the cells, so the initial contact between cell and material was between cells, and the media absorbed onto polyurethane implants. Cells do not begin to lay down a cellular matrix until several days later [38, 40] . e culture media used in this study were used to promote cell growth. It was expected that cells would be initially interested in the material surface. Once the cells have thoroughly absorbed proteins on the surface of polyurethane samples, they came into contact with the polyurethane surface, and ultimately did not adhere to polyurethane films. Other research has discussed adhesion and suggested it is likely a combination of properties (chemistry, topography, and mechanics) that promote cell adhesion and makes it difficult to isolate effects [39] .
Overall, cellular responses indicated positive results for temporary catheter implantation, and no changes were observed between any dose rates tested, signifying that varying dose rates did not alter polyurethane properties sufficiently to alter cellular response.
Microscopy results also confirmed the polymer stability seen in cellular, chemical, and mechanical tests. Visually, surfaces appeared similar, meeting the ISO standards of "free from extraneous matter". In relation to cellular response, surface topography plays a significant role in long-term cell adhesion while short-term cell adhesion (24 hr) primarily responds to surface chemistry [38] . Surface topography did not change with varying dose rates, which supports the cellular adhesion results.
Along with surface topography, surface chemistry can affect both adhesion and proliferation. It was expected that chemical changes would reflect findings that dose rates do not cause significant alteration to polyurethane films. Sizeexclusion chromatography (SEC) was used to detect changes in molecular structure of the polyurethane polymer backbone. No changes in molecular weight or polydispersity indicate that dose rate is not causing backbone scission, and distribution of molecular mass remains the same. However, changes were seen in refractive index, which can be dependent on characteristics such as soft segments versus hard segments, chain extenders, and isocyanate used (methyl diphenyl diisocyanate, MDI or toluene diisocyanate, and TDI) [41] [42] [43] . Since the polyurethane used in this study is from the same batch of material, chain extenders and isocyanate should be constant, indicating that slight changes seen in refractive index are due to changes in soft versus hard segments.
is indicates difference in amorphous and crystalline regions [42, 43] . However, the Tan Delta shown in the DMA results indicated no significant shifts between soft and hard segments at any dose rate. It is possible that the small sample weight in SEC resulted in a poor representation of material composition due to increased variability. is is also seen in the 44 Gy·min −1 sample. However, refractive index results are within range of normal polyurethane materials, and it can be concluded that polyurethane films at all dose rates maintained chemical structure stability.
DMA results support clinical use of polyurethane films exposed at varying dose rates. Changes seen in DMA are regularly based on the ratio of hard segments to soft segments in the material [44] . Hard segments are isocyanate or diisocyanate linked to soft segments (ether-polyol) through a urethane linkage [45] . DMA shows no change in Tg or storage modulus at 25°C or 37°C, indicating that ratios of hard segments to soft segments did not change supporting the absence of any chemical backbone changes seen in SEC data. Dose rates did not change material strength at room or body temperature, thus maintaining stability of catheters under clinical in vitro conditions.
Conclusions
Results from this study found that varying dose rates does not alter polyurethane material properties. Polyurethanes are common in clinical settings and have a high probability of being irradiated at various dose rates and different total doses in vivo. is study answered the question currently being posed by clinicians and researchers as to whether radiation is the main factor contributing to early failure in PICC and CVC lines; radiation alone does not cause material failure in polyurethane catheter applications. To the authors' knowledge, this research provides the first investigation into varying dose rates in an aqueous setting for clinical applications and has laid the groundwork to further investigate different medical devices and variables that may be exposed to radiation in vivo.
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